Abstract Information on plant responses to combined stresses such as ozone (O 3 ) and cadmium (Cd) is scarce in tree species. On the other hand, high O 3 concentrations in the atmosphere and heavy metal contaminations in water and soil simultaneously affect forest ecosystems. Toxic metals may exacerbate the consequences of air pollutants. In this research, two poplar clones, differently sensitive to O 3 ("I-214" O 3 -tolerant and "Eridano" O 3 -sensitive), were grown for 5 weeks in pots supplied with 0 and 150 mg Cd kg −1 soil and then exposed to a 15-day O 3 fumigation (60 nl l −1
, 5 h a day) or supplied with charcoal-filtered air under the same conditions (referred to as control samples). The effects of the two stressors, alone or in combination, on Cd accumulation, photosynthetic capacity, ethylene emission and oxidative state were investigated in fully expanded leaves. Cadmium accumulation in leaves caused a reduction, but not complete failure, of photosynthesis in Eridano and I-214 poplar clones. The reduction in assimilation rate was more important following O 3 fumigation. Stomatal aperture after O 3 treatment, instead, increased in I-214 and decreased in Eridano. Overall, Cd treatment was effective in decreasing ethylene emission, whereas O 3 fumigation increased it in both clones, although interacting with the metal treatment. Again, O 3 fumigation induced a significant increase in ascorbate (ASA) + dehydroascorbate (DHA) content, which was strongly oxidised by O 3 , thus decreasing the redox state. On the other hand, Cd treatment had a positive effect on ASA content and redox state in I-214, but not in Eridano. Although Cd and O 3 are known to share some common toxicity pathways, the combined effects induced distinct clone-specific responses, underlying the complexity of plant reactions to multiple stresses. 
Introduction
Heavy metal pollution of soil and water has become a major worrying environmental issue worldwide, because of the contamination of large areas due to the anthropogenic activity (Pilon-Smits 2005) . Among heavy metals, cadmium (Cd) is of particular concern due to its easy uptake by roots and high toxicity for plants (as well as animals). Cadmium can accumulate in roots up to micromolar concentration, before altering ultra-structural traits and browning root tips (Ederli et al. 2004) . Being relatively mobile, part of the absorbed Cd can be translocated from roots and accumulated in shoots , causing chlorosis, inhibition of growth and even plant death, owing to its influence on stomatal behaviour, photosynthesis, respiration and water and nutrient uptake (e.g. Liu et al. 2011; Cocozza et al. 2014) . Cadmium injury has been attributed to several factors, such as blocking of essential functional groups in biomolecules (Schützendübel et al. 2002) and displacement of metal ions from biomolecules (Rivetta et al. 1997) . Cadmium may be involved in the suppression of antioxidant defence and in the overproduction of reactive oxygen species (ROS) Iannone et al. 2010) , which interfere with the redox status, possibly leading to uncontrolled oxidative stress (Rodríguez-Serrano et al. 2006) . ROS increase could be indirectly caused by nicotinamide adenine dinucleotide phosphate (NADPH) oxidases in membranes (Romero-Puertas et al. 2004) and/or by reduction of activity/content of enzymatic and non-enzymatic antioxidants (Wójcik and Tukiendorf 2011) . An open question is whether Cd accumulated in the foliage can have interactive effects with other factors of stress, eliciting ROS production. Tropospheric ozone (O 3 ) is considered to be the most important air pollutant affecting vegetation (Ashmore 2005; Wittig et al. 2009 ). Prolonged exposures to relatively low O 3 concentration [O 3 ] (within the range of 20-50 nl l −1 ) affect plant health through stomatal uptake (Matyssek and Sandermann 2003; Panek 2004) , causing leaf chlorosis (Ribas et al. 2005; Vollenweider et al. 2003) , accelerated leaf senescence (Gielen et al. 2007; Zheng et al. 2002) , reduced photosynthesis (Bagard et al. 2008; Di Baccio et al. 2008; Wittig et al. 2007 ) and decreased carbon allocation to sink tissues (Andersen 2003; Wittig et al. 2009 ), and affecting plant biomass and radial growth (Grulke et al. 2002; Panek and Goldstein 2001) . In particular, leaf metabolism may be reoriented to repair processes and defence mechanisms (e.g. Cabané et al. 2004; Betz et al. 2009 ). Once O 3 enters the leaf through stomata, it degrades rapidly in the apoplast to form various ROS Vahala et al. 2003) . Among ROS, the hydrogen peroxide (H 2 O 2 ), in particular, is known to trigger a complex sequence of events leading to endogenous ROS production and activation of mitogen-activated protein kinase cascade, which in turn affects the synthesis of molecules such as ethylene, salicylic and jasmonic acids, involved in the signalling route and in modulation of the plant responses to the imposed stress (Kangasjärvi et al. 2005) . However, when ROS production exceeds the plant ability to maintain the ROS concentration below a tolerance threshold, oxidative damage occurs (Castagna and Ranieri 2009 ). Among antioxidant metabolites, ascorbic acid, in addition to playing a key role in detoxification of H 2 O 2 as a specific substrate for ascorbate peroxidase (APX), is capable of direct scavenging of O 3 molecules and O 3 -derived ROS (Ranieri et al. 1999; Conklin and Barth 2004) .
Ethylene acts as a second messenger in oxidative signal transduction and regulates the induction and the spread of oxidative stress symptoms (Rao et al. 2002; Vahala et al. 2003) . Increased ethylene evolution by plants exposed to various biotic and abiotic stresses has been widely documented (Moeder et al. 2002; Wang et al. 2002) . Several authors (e.g. Moeder et al. 2002) have reported that the inhibition of ethylene biosynthesis results in a significant reduction of O 3 -induced leaf lesion formation, ascribing to this hormone and its precursor 1-aminocyclopropane-1-carboxylic acid (ACC) a pivotal role in the complex signalling transduction pathways leading to cell death. More specifically, Diara et al. (2005) found differences in ethylene evolution in two poplar clones, "I-214" displaying earlier and less pronounced ethylene emission than "Eridano". However, high ethylene evolution under Cd stress may be not perceived by plants, which would become relatively unresponsive to stress ethylene and show photosynthesis inhibition (Masood et al. 2012) .
Collectively, exposure to toxic metals is known to negatively affect plant traits, such as protein content and functionality, which drive fundamental metabolic pathways and defence mechanisms against oxidative stress (Lingua et al. 2012) , thus potentially aggravating the consequences of air pollutants. In poplar, the effects of heavy metals and the ability of the plant to tolerate their toxicity have been widely studied (e.g. Di Baccio et al. 2009 Baccio et al. , 2011 Sebastiani et al. 2004; Tognetti et al. 2004; Borghi et al. 2007 Borghi et al. , 2008 . Instead, the effect of metals on a plant's ability to deal with other environmental stresses has received less attention (de Silva et al. 2012 ), while it is well known that the response of plants to a combination of stresses cannot be extrapolated from their responses to individual stress factors (Johnson et al. 2002; Mittler 2006) . Studies on the possible interactions between Cd and O 3 pollution in plants have been limited to herbaceous plants (Di Cagno et al. 2001; Li et al. 2011) . In poplar, O 3 and Cd stresses seem to share common toxicity pathways at physiological and molecular levels (Diara et al. 2005; Di Baccio et al. 2008; Kieffer et al. 2009; Pietrini et al. 2010) , by affecting synergistically or antagonistically whole plant responses when they act concomitantly. On the other hand, a reduction in stomatal conductance and, consequently, water (and metal) uptake might provide a physiological basis for cross protection afforded against excess Cd by O 3 treatment, and vice versa. Bohler et al. ( 2013) identified a set of proteins that changed similarly during O 3 and drought stress, indicating cross talk in the molecular response of plants exposed to these stresses, while stomatal closure was of minor importance in the combined treatment. Castagna et al. (2013) studied the concomitant effects of O 3 and Cd on poplar and found that Cd induced a reduction in stomatal conductance and a significant accumulation of H 2 O 2 and nitric oxide (NO) in Eridano and I-214 clones and that Cd negatively affected the carotenoid contents in I-214. Here we predict that Cd and O 3 share some common toxicity pathways and induce antagonistic rather than synergic responses. To test this hypothesis, we assayed stress indicators at the leaf level, including photosynthetic capacity, ethylene emission and oxidative status in these two poplar clones, differing for their sensitivity to O 3 . In particular, we studied whether assimilation and protection functions in leaves were differently influenced by the Cd or O 3 alone or in combination. In addition, the possibility that O 3 exposure may somehow interact with metal accumulation in leaves was evaluated by measuring Cd concentrations in leaves of control and O 3 -exposed plants.
Material and methods

Plant material, Cd treatment and O 3 fumigation
Woody cuttings (30 cm in length) of two poplar clones, Populus x canadensis I-214 (O 3 -tolerant) and Populus deltoides×Populus maximowiczii Eridano (O 3 -sensitive), known for their differential responses to O 3 in terms of development of leaf injuries following acute O 3 exposure (Diara et al. 2005; Ranieri et al. 1999 Ranieri et al. , 2000 , were planted in 4-l plastic pots filled with soil (93.5 %:1.75 %:4.75 % sand/silt/ clay mix; organic carbon 2.34 %; inorganic carbon 0.096 %).
Cuttings were irrigated, every 2-3 days (for a total of ten applications of approximately 50 ml solutions), with halfstrength Hoagland solutions added with 0 mM Cd(NO 3 Ozone was generated by passing pure oxygen through a Fisher 500 air-cooled generator (Fisher Labor und Verfahrenstechnik, Meckenheim, Germany), and the O 3 concentration of the fumigation chamber was continuously monitored with a UV analyser (Model 8810, Monitor Labs, San Diego, CA). During O 3 fumigation, the temperature in the growth chambers (C and O 3 -treatment) was maintained at 20 ±1°C and RH at 85±5 %, and PPFD at plant height was 530 μmol m −2 s −1 . All measurements were made on three individual plants of each clone-treatment combination (n =3) using fully expanded young leaves (LPI 4-6, Leaf Plastochron Index; Dickmann 1971).
Determination of Cd concentration
After harvesting, leaves were washed in distilled water. This plant material was then oven-dried at 70°C until constant weight, ground to powder with liquid nitrogen and stored under vacuum until use. Samples (100 mg) were digested in 5 ml concentrated H 2 SO 4 , and hydrogen peroxide drops were added until their complete clarification. Final volumes were adjusted to 25 ml by ultra-pure water. The concentration of Cd was determined by atomic absorption using a Perkin-Elmer (Perkin-Elmer Analyst 100, Waltham, MA, USA) spectrophotometer, using a 0-3 ppm standard curve of commercial standard (Carlo Erba Reagents, Milan, Italy).
Gas exchange analysis
All measurements were carried out on control and treated plants at the end of the 15-day O 3 exposure, with a photosynthesis system (LI-6400, Li-Cor, Lincoln, NE, USA). The A/C i curves were determined by measuring the response of net photosynthesis (A) to varying intercellular CO 2 partial pressure (C i ). External CO 2 partial pressures (C a ) were supplied in steps; the CO 2 assimilation rate was first measured by setting the reference CO 2 concentration near ambient (38 Pa) and then at 30, 20, 10, 5, 40 (two times), 60 and 80 Pa, with irradiance maintained at a saturating value of 500 μmol m −2 s −1 (considering growth chamber conditions).
Measurements were recorded automatically at each C a set point when photosynthesis had equilibrated. Measurements began after stomatal conductance (G w ) had reached maximum values. Foliage temperature during determination of the A/C i curves was maintained at 27°C by means of thermoelectric coolers. Leaf-to-air vapour pressure deficit averaged 1.6 kPa. We analysed the A/C i curves to estimate three biochemical parameters potentially limiting to photosynthesis: maximum rate of carboxylation (V cmax , μmol m −2 s ). The CO 2 compensation point (Г comp , Pa) was calculated as the point that the model function i n t e r c e p t e d t h e x -a x i s ( C X X = 0 ) . T h e d a y t i m e (mitochondrial) respiration (R day , μmol m −2 s −1
) or CO 2 released in the light by processes other than photorespiration was also estimated. These variables were computed by the A/ C i curve-fitting model developed by Farquhar et al. (1980) , as in Marchi et al. (2008) . We used the Michaelis-Menten constants of Rubisco used by Wullschleger (1993) , where K c (Michaelis-Menten constant for RuBP carboxylation) = 16 Pa, K o (Michaelis-Menten constant for oxygenation)= 37,961 kPa and τ (specificity factor for Rubisco)=2823.
The relative stomatal limitation to photosynthesis (L g , %), an estimate of the proportion of the reduction in photosynthesis attributable to CO 2 diffusion between the atmosphere and the site of carboxylation, was calculated from A/C i curves by the method of Farquhar and Sharkey (1982) as L g =(1−A/ A o )*100, where A is the rate of net photosynthesis at the growth C a (38 Pa) and A o is the photosynthetic rate when C i (38 Pa) equals the growth C a . Under these conditions, A o is the rate of photosynthesis that would occur if there were no diffusive limitations to CO 2 transfer from the bulk atmosphere to the site of carboxylation. For this calculation, mesophyll conductance was considered infinitely large. The internal CO 2 partial pressure (C i , μmol mol −1 ), the net photosynthesis
) and the corresponding G w were determined from A/C i curves measured at saturating irradiance (for chamber conditions) and ambient CO 2 partial pressure (C a , about 380 μmol mol
−1
).
Chlorophyll fluorescence analysis
Chlorophyll fluorescence emissions in 60 min dark-adapted leaves (the same used for gas exchange analysis) were measured with a portable pulse amplitude modulation fluorometer (PAM-2000, Walz, Effeltrich, Germany) to estimate the effect of treatments on photosystem II (PSII) efficiency. Background fluorescence signal (F o ), the maximum fluorescence (F m ) and potential quantum yield of PSII photochemistry [F v 
Ethylene determination
Fifteen minutes after excision, leaves were incubated within sealed containers at room temperature; after 1 h, 2 ml samples were withdrawn with a hypodermic syringe. Ethylene evolution was measured by injecting samples into a gas chromatograph (HP5890, Hewlett-Packard, Menlo Park, CA, USA) equipped with a dual flame ionisation detector and a metal column (150×0.4 cm internal diameter) packed with alumina (70-230 mesh). The column and detector temperatures were 70 and 350°C, respectively. Nitrogen (N 2 ) was used as a carrier at a flow rate of 40 ml min −1 (Mensuali Sodi et al. 1992 ).
Ascorbate determination
Freshly harvested intact leaves (10 g) were rinsed with distilled water and vacuum-infiltrated (−65 kPa, three cycles of 30 s each) in 50 ml of 66 mM K-phosphate buffer (pH 7.0) and 100 mM KCl. After infiltration, the leaves were wiped and centrifuged (1,500×g for 10 min at 4°C). The total amount of ascorbate (ASA) in intercellular washing fluid (IWF) was quantified immediately after its extraction to minimise the ascorbate oxidase (AAO)-dependent oxidation of ASA during measurements. The absence of such oxidation of ASA was confirmed by adding 10 mM sodium azide (an inhibitor of AAO) to the buffer used to obtain the extracellular leaf fluid (IWF). The quantitative determination was carried out according to Okamura (1980) and Law et al. (1983) . An aliquot of IWF was added to 10 % TCA (w/v), and after addition of 5 M NaOH, the mixture was centrifuged at 12,000×g for 2 min. To quantify ASA, 150 mM phosphate buffer (pH 7.4) was added to the supernatant. Then, each sample was supplied with 10 % TCA (w/v), 44 % H 3 PO 4 solution (v/v), 4 % α-α'-dipyridyl (w/v) in 70 % methanol and 3 % FeCl 3 (w/v). The total amount of reduced (ASA) + oxidised (dehydroascorbate, DHA) forms was determined by incubating supernatant with 10 mM DTT, followed by the addition of 0.5 % of N-ethylmaleimide solution. Samples were then treated as for ASA determination. After vigorous stirring, all the samples (for ASA and ASA + DHA determinations) were kept at 37°C for 60 min, and then the absorbance was read at 525 nm with a spectrophotometer (Ultrospec 2100 pro, GE Healthcare Europe GmbH, Milan, Italy) against a standard curve of pure ASA (Sigma) in the 0-40 nmol range. DHA levels were determined by subtracting ASA from the total ascorbate content (ASA + DHA); the redox state of ascorbate was calculated as ASA/(ASA+ DHA)×100. 
Results
Cadmium concentration in leaves
The total amount of Cd in the native substrates (before Cd(NO 3 ) 2 addition) was below (0.17±0.04 ppm) the regulatory limit (2 ppm) specified by the Italian Environmental Legislation (d.lgs. 156/2006 and 4/2008) . The two poplar clones did not differ in their ability to translocate Cd to leaves, the clone factor being not significant, according to the three-way ANOVA (Fig. 1) . As expected, poplar growth in Cd-enriched soils led to a significant increase in Cd concentration in leaves. Cadmium concentration in leaves was also not significantly affected by O 3 fumigation, although a tendency for lower metal concentration in O 3 -fumigated leaves of I-214 was observed.
Photosynthesis parameters and chlorophyll fluorescence
The photosynthetic capacity (V cmax , J max and TPU) was not significantly affected by clone or Cd, while O 3 had a significant effect on V cmax and J max and less on TPU (P=0.066) ( Table 1 ). The effect of O 3 was generally towards reducing V cmax and J max , while TPU tended to increase or remain stable; interactions among factors were never significant. The relationship between J max and V cmax was linear through treatments and with similar slope across clones (y=4.9946x− 15.578, R 2 =0.44) (Fig. 2) . The overall ratio between J max and V cmax averaged 4.62, without differences between clones or treatments. Again, R d a y ranged between 0.9 and 2.0 μmol m −2 s −1
, without differences between clones or treatments (Table 1) ; interactions among factors were never significant. CO 2 compensation point (Г comp ) was influenced by clone and O 3 factor and their interaction (Table 1) ; in particular, Г comp was generally higher in I-214 than in Eridano and increased in I-214 after O 3 treatment. The effect of Cd and clone on A max and L g was not significant, while O 3 had a significant and negative effect on A max and positive on L g (particularly in I-214) ( Table 1) . Interactions among factors were never significant for A max , which was reduced by the only O 3 factor. Conversely, G w and C i (and C i /C a ) were affected by clone only, with generally higher values in Eridano (Table 1) ; the interaction clone × O 3 was significant in the case of G w and L g .
In general, F v /F m was affected by Cd, and only the interactions clone × O 3 and clone × Cd were significant (Table 1) .
The time course measurements (see Supplementary material for additional descriptions) of gas exchange (after 1, 4, 8, 14 and 15 days of O 3 exposure) did not show a definite pattern in photosynthetic activity at saturating light (A sat ) and corresponding G w . Eridano showed a significant decrease in A sat soon after 15-day O 3 exposure period, which was not always present during the whole monitoring period; in I-214, A sat decreased after 8-day O 3 exposure and recovered after 14 and 15 days (Supplementary Fig. S1 ). The behaviour of stomatal aperture resembled that of A sat , with a tendency to decrease G w in Eridano and increase G w in I-214, following O 3 exposure.
Minor variability between treatments and genotypes was also observed for C i and F v /F m . However, a clear general reduction of C i after 15-day O 3 exposure, and F v /F m after 14-and 15-day O 3 exposure, respectively, was observed ( Supplementary Fig. S2 ).
Ethylene emission
In both clones, Cd and O 3 had an opposite effect on ethylene emission-Cd decreasing and O 3 increasing ethylene emission (Fig. 3) . Ethylene emission differed between clones, with 
Redox state
In both clones, which differed in the redox state between each other, O 3 induced a significant increase in ASA + DHA (Table 2 ). However, ASA was strongly oxidised by O 3 , decreasing the overall redox state ( Table 2 ). The effect of Cd on ASA content and redox state was constantly positive in I-214, but not in Eridano. Although the clones did not differ in constitutive AA ASA , they reacted differently to the presence of O 3 and Cd. In Eridano, this index did not vary significantly following O 3 exposure, whereas in I-214, it decreased significantly. By contrast, Cd had a positive impact on AA ASA in I-214, while values were stable in Eridano. Cadmium accumulation in the leaves would suggest that both poplar clones were able to translocate as proved for other heavy metals Sebastiani et al. 2004 ). This ability of Cd translocation by Eridano and I-214 was confirmed by the presence of Cd, although in small amounts, in the leaves of control plants, grown in a substrate with a total Cd concentration well below the limits of Italian law. Besides, considering that the Cd available fraction in the substrate was less than 20 % (0.03 ppm), the capacity of the two clones to extract and translocate Cd in the presence of small metal contamination was even more marked. Cadmium stress might negatively influence photosynthetic functions (Mobin and Khan 2007; Durand et al. 2010a, b) ; in our experimental conditions, Cd accumulation in leaves hardly affected photosynthetic capacity in both clones and somewhat decreased F v / F m , at least in Eridano. Gas exchange of these clones might be mainly affected by stomatal behaviour (guard cells) and/or C iindependent signals from the mesophyll, rather than PSII activity. However, under prolonged and concomitant environmental constraints, the absorbed light might exceed plant photochemical requirements and the excess energy be transferred onto the ever-present oxygen, leading to the formation of ROS such as H 2 O 2 (Castagna et al. 2013 ) and, ultimately, damaging the photosystems. Tognetti et al. (2004) observed that Eridano (grown for a season in soil amended with nutrient-rich organic material from tanneries containing Zn, Cu, Cr and Cd) differed from control plants in chloroplast and stomatal limitations to CO 2 assimilation, while this was not the case of I-214. The slope of the curves relating A rate to C i was shallower in O 3 -treated plants, suggesting an apparent lower affinity to CO 2 . However, the linear relationship between J max and V cmax across treatments showed that both Eridano and I-124 plants grown in substrate added with Cd and under O 3 exposure were equally able to optimise resource allocation to preserve a balance between enzymatic (Rubisco) and light-harvesting (chlorophyll) capabilities in comparison with control plants. A tight coupling between the activities of thylakoid and soluble proteins was maintained under Cd and O 3 stress, in both clones. Nevertheless, the J max /V cmax ratio decreased in Eridano when exposed to O 3 fumigation, indicating that the capacity for optimal resource partitioning into different photosynthetic functions was relatively depressed. In Eridano, decreases in J max /V cmax ratio with O 3 fumigation would suggest higher sensitivity of RuBP regeneration capacity than of carboxylation capacity to this pollutant, although this process is not universal and depends on the genotype as demonstrated by the different behaviour of I-214 and, probably, on the level of stress. Alternatively, a decrease in the J max /V cmax ratio with O 3 fumigation could depend upon different acclimation of Rubisco activity to this pollutant and capacity of RuBP regeneration. It must be pointed out that estimates of V cmax from A/ C i curves can be inaccurate if mesophyll conductance changes or if there is patchy stomatal closure, which may occur under O 3 fumigation, with affected areas having low A and nonaffected areas retaining high A.
Overall, O 3 exposure decreased stomatal aperture in Eridano, while increased G w in I-214, which suggests that changes in mesophyll processes and structure (leading to reduced A max ) or in G w and stomatal traits might be interchangeable responses, depending on the genotype. The negative effects of O 3 exposure on A max and positive on L g (the latter decreasing only in I-214 after Cd treatment) add to these observations. Castagna et al. (2013) observed constitutive differences in photosynthetic activity at saturating light (A sat ) and G w , with Eridano exhibiting lower gas exchange than I-214, which is in contrast with present findings. The different stage of leaf developmental reached by plants in the two experiments might have elicited the distinct clone-specific responses in terms of gas exchange (see Tognetti et al. 2004; Marchi et al. 2008) ; the two experiments differed also in the way the metal was added to the substrate-Cd nitrate versus Cd chloride (exposure time and Cd availability may influence metal toxicity). Nevertheless, plants grown in Cd-treated substrate or exposed to O 3 , as well as plants subjected to the combined effects, acquired resilience in photosynthetic activity. In field conditions, closing stomata after moderate Cd treatment would result in reduced O 3 flux into leaves, with some downregulation of photosynthetic efficiency in relatively sensitive clones (Di Cagno et al. 2001) . Whereas, maintaining or even increasing G w and photosynthetic capacity could be risky in the long term, because pollutants would continue to accumulate within leaves of more tolerant clones.
In Eridano, the lower photosynthetic and Rubisco activities at limiting CO 2 concentrations in plants exposed to O 3 were probably due to CO 2 depletion in close proximity to Rubisco (decreased G w ). Should this be the case, a higher Г comp (i.e. the ambient CO 2 concentration, where the net CO 2 exchange is zero since CO 2 uptake in photosynthesis is equal to the sum of respiratory and photorespiratory CO 2 efflux) and, thus, carboxylation-to-oxygenation ratio would be expected. An increase of Г comp and G w in I-214, resulting from the exposure to elevated O 3 , might imply that the kinetic properties of Rubisco have been modified. Increasing Г comp was complemented by steady R day relative to Rubisco activity, suggesting stable photorespiration as well. Despite the relatively minor changes in the maximal photochemical efficiency of PSII (F v /F m ), suggesting only a secondary role of changes in PSII electron transport in affecting photosynthetic capacity, J max decreased following O 3 exposure. It must be pointed out that J max derived from gas exchange represents the potential capacity for RuBP regeneration and, thus, depends on a complex system (Kellomäki and Wang 1997) .
In the present experiment, a limiting influence of O 3 on the metal accumulation (except for a minor impact in I-214) was not observed, which differs from that observed by Castagna et al. (2013) at similar Cd concentration. Since Cd transport to the aboveground organs occurs via the xylem, a reduction in G w (and water transport) as a consequence of O 3 exposure could reduce the accumulation of the metal in the leaves at toxic concentrations in Eridano. By contrast, I-214 might suffer from ozone-induced disruption in water balance due to the loss in stomatal control (losing more water and processing more O 3 ), though partially compensating for reduced carboxylation efficiency. However, if O 3 -induced reduction in G w were a major reason for reduced Cd uptake, also the translocation of other minerals in the xylem stream could be affected, which was not the case in Castagna et al. (2013) . Dumond et al. (2014) , comparing poplar clones with different sensitivities to O 3 , observed that modification of stomatal responses by O 3 , such as stomatal sluggishness, does not result from ultrastructural changes but from a disturbance of ion fluxes and a regulation of the gene expression involved in signal transduction. Bohler et al. (2013) found that the combined effect of O 3 and drought on poplar could change the Environ Sci Pollut Res (2015 Res ( ) 22:2064 Res ( -2075 response of stomata when the two stresses were applied separately; indeed, the application of mild drought treatment alone did not induce a significant stomatal response, while the presence of O 3 stress prior to the onset of drought triggered the response, though without effects on CO 2 uptake.
Ethylene production and redox state
Ethylene plays a potentially critical role as an amplifier for ROS accumulation, regulating plant response to stress (Wi et al. 2010) , in addition to its functions in photosynthesis (Iqbal et al. 2011) . The ROS signalling and the negative effect of ethylene on ascorbate-glutathione (ASA-GSH) cycle in senescing leaves have been shown (Bartoli et al. 1996) , but the role of ethylene on the antioxidant cycle in mature leaves that are still able to photosynthesise has not been completely understood. In mature leaves, photosynthetic electron transfer generates NADPH, which donates electrons to ASA-GSH cycle. The role of ethylene in de novo synthesis of GSH in Arabidopsis and O 3 stress tolerance has been shown by Yoshida et al. (2009) . Ethylene has been found to influence the rate of photosynthesis that depends on ethylene evolution and sensitivity (Pierik et al. 2006; Iqbal et al. 2011) . Masood et al. (2012) suggested that Cd stress might lead to excess ROS production inducing stress ethylene, with the result that plants are less sensitive to this ethylene and show inhibition of photosynthetic processes. In the present experiment, poplar plants showed to decrease ethylene emission following Cd treatment and, indeed, photosynthetic processes were scarcely affected. This was not the case with O 3 fumigation, which increased ethylene emission and impaired photosynthetic capacity, in both clones. Cadmium and O 3 treatments had opposite effects on antioxidant activities, with only I-214 showing marked increases in ASA (and ASA + DHA) and redox state following the metal accumulation into leaves. As in the present experiment, Cocozza et al. (2014) observed that I-214 was somewhat resilient to Cd, in terms of photosynthetic capacity and gas exchange, confirming the role of ASA system as defence component in photosynthetic tissues of this clone against abiotic stress. Plants adopt different strategies to avoid oxidative damage initiated by Cd-induced ROS, among which activation of antioxidant systems (Nocito et al. 2007 ). Markovska et al. (2009) and Mohamed et al. (2012) found unchanged concentrations of ASA in leaves of Brassica juncea treated with 50 μM Cd, although a decrease at higher Cd concentration (100 μM) was observed. Cadmium was f o u n d t o p r o m o t e A S A a c c u m u l a t i o n i n b o t h hyperaccumulator and non-hyperaccumulator ecotypes of Sedum alfredii (Jin et al. 2008) . In isolated cells of Arabidopsis, the total ASA pool as well as its redox state did not vary during the early stages of Cd stress, while the pool of GSH became more oxidised (Horemans et al. 2007 ). Activity of ASA-GSH cycle is induced under Cd stress (Anjum et al. 2008; Khan et al. 2009 ). However, the maintenance of elevated redox state of ASA occurs at the expense of GSH in the Halliwell-Asada cycle. Trudić et al. (2012) found clonespecific leaf (and root) responses to oxidative stress induced by heavy metals in poplar. Symptoms of Cd toxicity were evidenced in metal-treated poplar clones by Nikolić et al. (2008) and Elobeid et al. (2012) , including altered antioxidant activities.
Eridano, which possesses higher constitutive concentrations of ASA (and ASA + DHA) than I-214, was the only clone experiencing an O 3 -induced decrease in ASA, resulting in a more marked decrease in redox state as compared to I-214. Castagna et al. (2013) Following O 3 exposure, the absolute concentration of ASA was higher in Eridano than in I-214 leaves and the amount of ASA per unit of O 3 uptake markedly decreased in O 3 -treated I-214, displaying a less effective response to O 3 than Eridano, which contrasts with results of Di Baccio et al. (2008) ; although, in the latter case, poplars were subjected to the single O 3 stress. Conversely, the antioxidant capacity measured by the amount of ASA, and its response to O 3 influx in I-214, showed a positive response to Cd treatment. Together, these studies reveal variable responses on the impact of heavy metal and O 3 stress in different poplar clones, as well as how aleatory the distinction in sensitive and tolerant genotypes on the basis of independent acute stress responses may be. Bohler et al. (2013) concluded that the enzymes involved in the response to O 3 , drought and the combined treatments are mostly the same, indicating that a general stress response do exist, which makes the detection of any major cross talk effect impossible; only slight changes in specificity would possibly be needed to adapt the response to a specific stressor.
Conclusions
In the present experiment, the negative effects of Cd treatment and O 3 exposure on leaf physiology of these two poplar clones (I-214 and Eridano) underlie how difficult is the categorisation of these clones as tolerant or sensitive to the combined stress, at least at the leaf level. The combination of these stress factors, which share some common toxicity pathways, induced plant responses not always predictable on the basis of the known effects induced by the single factors. In this sense, clonal comparison used in the context of stress adaptation or acclimation can lead to counter-intuitive outcomes, requiring detailed mechanistic investigation.
As in previous studies (Castagna et al. 2013) , Cd accumulation in leaves caused a reduction, but not complete failure, of photosynthetic capacity in Eridano, while the increase in the antioxidant capability induced by Cd was enough to overcome the toxic effect of the pollutant in I-214. The reduction in photosynthetic capacity and antioxidant capability was more important following O 3 fumigation, in both clones. Overall, Cd treatment was effective in decreasing ethylene emission, whereas O 3 fumigation increased it in both clones, although interacting with the metal treatment. Again, O 3 fumigation induced a significant increase in ASA + DHA content, which was strongly oxidised by O 3 , thus decreasing the redox state. On the other hand, Cd treatment had a positive effect on ASA content and redox state in I-214, but not in Eridano.
Under prolonged Cd and O 3 exposure, higher O 3 -induced G w in I-214 could cause this clone to exceed tolerance threshold for combined pollutants. Because of the constitutive higher G w , Eridano could acquire relatively more Cd in the long term, adding to O 3 sensitivity. As far as the combined effects of Cd and O 3 are concerned, antioxidant capacity and photosynthetic potential of I-214 and Eridano leaves might differ to those occurring under the stress level induced by a single pollutant. Fumigation with O 3 and Cd accumulation in leaves elicited clone-specific strategies for dealing with the combined stresses, which deserve thorough time course analyses. This has implications for plant selection in phytoremediation and environmental biomonitoring. The possibility that these two stress factors, at the applied moderate doses, interact in antagonistic rather than additive or synergic way warrants further studies in field conditions (Marmiroli et al. 2011; Tognetti et al. 2011) , due to the complexity of plant-environment interactions.
